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To understand the reactivity of acenes, particularly pentacene, the addition of HCI and water to acenes
was studied for the benzenaonacene series at the B3LYP/6-31G(d) level of theory. Surprisingly, the
reactivity of the acenes increases along the series up to hexacene and remains constant from hexacene
and above due to the biradical character of the ground state of higher acenes. While the exothermicity
of HCI and water additions are very similar, the activation barriers for HCl and water additions differ by

a constant factor of ca. 27 kcal/mol. The barrier for the addition of HCI varies from 44 kcal/mol for
benzene to 1618 kcal/mol for pentacenrenonacene, whereas the barrier for the addition of water varies
from 71 kcal/mol for benzene to 4316 kcal/mol for pentacenrenonacene. The transition states (TSs)

for the addition of water to acenes are relatively “late” on the reaction coordinate, compared to the
“earlier” TSs for the addition of HCI. There is a substantial substituent effect on the energy barriers for
these reactions. HCI behaves as an electrophile, pvigh(vs op,) = —4.48 and—3.39 for anthracenes

and pentacenes, respectively, while water behaves as a nucleophilgqwifvs o) = 2.35 and 1.39

for anthracenes and pentacenes, respectively.

Introduction applied perspectives® Smaller acenes, such as benzene,
naphthalene, and anthracene, are among the earliest discovered
Acenes () are polycyclic aromatic hydrocarbons (PAHS) and most studied organic compounds and their properties are
well explored. Electrophilic substitutions on these molecules
are the most common reactiohblucleophilic substitution onto

u I acenes is much more rare and occurs only in extreme cases of
strongly activated acenésyet, very little is known about the
n-1
I (1) (a) Clar, EPolycyclic HydrocarbonsAcademic Press: London, UK,
( ) 1964; Vols. 1 and 2. (b) Clar, EThe Aromatic SextetViley: London,

UK, 1972. (c) Harvey, R. GPolycyclic Aromatic Hydrocarbondwiley-
L . . VCH: New York, 1997. (d) Geerts, Y.; Ktaer, G.; Milen, K. In Electronic
consisting of linearly fused benzene rings. In the recent past, yoterials The Oligomer ApproachMiiillen, K., Wagner, G., Eds.; Wiley-

these substances have been of interest from fundamental and/CH: Weinheim, Germany, 1998; Chapter 1.
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reactivity of acenes above anthracene, such as tetraceneby early MO treatments and Clar’s qualitative sextet conégpt.
pentacene, and higher acenes. Among the existing acenesRecently, longer acenes were predicted to be biradical singlets
pentacene has received considerable attention in the recent pash the ground state due to their disjointed nonbonding molecular

as the most promising active semiconductor for use in organic
field effect transistors (FET) because of its high charge-carrier
mobility; however, poor environmental stability is one of the
problems limiting its practical applicatichiHomologues longer

orbitals!®

Schleyer et al. have theoretically studied aromaticity and the
Diels—Alder reactions of acenes with acetylefieSurprisingly,
they found that there is no significant decrease in relative

than hexacene have not been fully characterized and thearomatic stabilization based on nucleus-independent shift (RICS)

synthesis of heptacene remains controvepfsaihough hepta-

estimationg#*¢ It has also been predicted that the more reactive

cene substituted by bulky protecting groups has been synthesizednner rings are actually more aromatic than the less reactive

recently® As the number of rings increases, the members of
the acene family become increasingly reactivtThe central
ring of anthracene undergoes Dielslder reactionsa¢7 pro-
tonation? and other reactions, while very few reactions have
been reported for tetracenes and pentacé&higs?

outer rings, and that they are even more aromatic than benzene
itself 22 At the same time, the HOMO coefficients are consistent
with the regioselectivity of DielsAlder reactions that prefer

the middle rings (despite their greater aromaticlty)The
reaction mechanism for the addition of oxygen to acenes has

The electronic properties of large acenes have been examinedeen studied theoreticalfy.It was found that, starting from

theoretically by many groups. Despite large strides in the

anthracene, acenes react with oxygen via a biradical stepwise

sophistication of the theoretical treatments used over the lastmechanisn#® The reactions of the acene series have not been

30 years, the HOMEGLUMO gap, electronic structure, stability/
reactivity, and aromaticity of an acene or polyacene are still
subjects of controversy?~1¢ A successive reduction in the band
gap’ and ionization potentidf and an increase in protdand
electron affinitied® is observed along the acene series. Such

studied theoretically except for the two examples mentioned
above, namely the DielsAlder reaction with acetyledé* and
the addition of oxygen to acenés.

To understand the stability and reactivity of the acenes, in
particular higher acenes, we have theoretically studied the

progressions in acene properties appear to coincide with themechanism by which nucleophilic and electrophilic additions
sequential loss of benzenoid character (aromaticity) predictedtake place, using HCl and water as a model electrophile and

(2) Bendikov, M.; Wudl, F.; Perepichka, D. Ehem. Re. 2004 104,
4891 and references cited therein.

(3) March, J.Advanced Organic Chemistry5th ed.; John Wiley &
Sons: New York, 2001.

(4) (a) Dimitrakopoulos, C. D.; Malenfant, P. R. Adv. Mater. 2002
14, 99. (b) Dimitrakopoulos, C. D.; Mascaro, D.IBM J. Res. De. 2001,
45, 11. (c) Hegmann, F. A.; Tykwinski, R. R.; Lui, K. P. H.; Bullock, J.
E.; Anthony, J. E.Phys. Re. Lett. 2002 89, 227403. (d) Meng, H.;
Bendikov, M.; Mitchell, G.; Helgeson, R.; Wudl, F.; Bao, Z.; Siegrist, T.;
Kloc, C.; Chen, C.-HAdv. Mater.2003 15, 1090. (e) Payne, M. M.; Parkin,
S. R.; Anthony, J. E.; Kuo, C. C.; Jackson, T.NAm. Chem. So2005
127, 4986. (f) Roberson, L. B.; Kowalik, J.; Tolbert, L. M.; Kloc, C.; Zeis,
R.; Chi, X.; Fleming, R.; Wilkins, CJ. Am. Chem. So005 127, 3069.
(g) Jurchescu, O. D.; Baas, J.; Palstra, T. TAWpl. Phys. Lett2004 84,
3061.

(5) Very recently heptacene was photogenerated inside of a polymer
matrix and characterized by UV spectroscopy. Mondal, R.; Shah, B. K;;
Neckers, D. CJ. Am. Chem. So2006 128 9612.

(6) Payne, M. M.; Parkin, S. R.; Anthony, J. E.Am. Chem. So2005
127, 8028.

(7) Biermann, D.; Schmidt, W. J. Am. Chem. Sod.980Q 102 3163
and references cited therein.

(8) (&) Herndon, W. C.; Elizey, M. L., Jd. Am. Chem. Sod 974 96,
6631.

(9) Wang, D. Z.; Streitwieser, ATheor. Chem. Accl999 102, 78.

(10) (a) Konovalov, A. I.; Samuilov, Ya, D.; Berdnikov, E. Zh. Org.
Khim. 1976 12, 645. (b) Kitaguchi, NBull. Chem. Soc. Jpril989 62,
800. (c) Samuilov, Ya. D.; Uryadova, L. F.; Konovalov, A. I.; Samuilova
S. F.Zh. Org. Khim1974 10, 1931. (d) Okuyama, Y.; Nakano. H.; Igarashi,
M.; Kabuto, C.; Hongo, HHeterocycle2003 59, 635. (e) TomeA. C.;
Lacerda, P. S. S.; Silva, A. M. G.; Neves, M. G. P. M. S.; Cavaleiro, J. A.
S.J. Porphyrins Phthalocyanine200Q 4, 532. (f) Murata, Y.; Kato, N.;
Fujiwara, K.; Komatsu, KJ. Org. Chem1999 64, 3483. (g) Miller, G. P.;
Mack. J.Org. Lett.200Q 25, 3979. (h) Silva, A. M. G.; TomeA. C.; Neves,
M. G. P. M. S.; Cavaleiro, J. A. ST etrahedron Lett200Q 41, 3065.

(11) Perepichka, D. F.; Bendikov, M.; Meng, H.; Wudl,J-Am. Chem.
Soc.2003 125 10190.

(12) Norton, J. E.; Northrop, B. H.; Nuckolls, C.; Houk, K. Qrg. Lett.
2006 8, 4915.

(13) (a) Kertesz, M.; Hoffmann, RSolid State Commuri983 47, 97.
(b) Lowe, J. P.; Kafafi, S. A.; LaFemina, J. . Phys. Chem1986 90,
6602. (c) Kivelson, S.; Chapman, O. Bhys. Re. B 1983 28, 7236.

(14) (a) Wiberg, K.J. Org. Chem.1997 62, 5720. (b) Houk, K. N;
Lee, P. S.; Nendel, MJ. Org. Chem2001, 66, 5107. (c) Schleyer, P. v.
R.; Manoharan, M.; Jiao, H.; Stahl, Brg. Lett.2001, 3, 3643.

(15) Raghu, C.; Patil, Y. A.; Ramasesha, Bhys. Re. B 2002 65,
155204.
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nucleophile, respectively. Here we report the first systematic
theoretical study of the potential energy surfaces for the addition
of HCI and water to the acenes (Scheme 1). We have chosen
the following acenes (Figure 1): benzerng, (haphthalene?),
anthracene 3), tetracene 4), pentacene 5), hexacene ),
heptacene?), octacene §), and nonacene9d]. Benzenes I~

CN, 1-F, 1-OMe), anthracenes3(CN, 3-F, 3-OMe), and
pentacenes¢CN, 5-F, 5-OMe) substituted by four cyano (n-
CN), four fluoro (n-F) or four methoxy groups (n-OMe) were
also studied (Scheme 2). We found that the kinetic and the
thermodynamic stability of acenes decreases from benzene to
hexacene and then stays constant for the longer acenes due to
their biradical ground state.

Computational Methods

The Gaussian @3 series of programs was used for all calcula-
tions. All molecules were fully optimized by using the hybrid
density function& B3LYP leveP® of theory with the 6-31G(d)
basis set (denoted as B3LYP/6-31G(d)). The relative energies
included unscaled zero point vibrational energies (ZPVE). All

(16) Bendikov, M.; Duong, H. M.; Starkey, K.; Houk, K. N.; Carter, E.
A.; Wudl, F.J. Am. Chem. So2004 126, 7416.

(17) Nijegorodov, N.; Ramachandran, V.; Winkoun, D Spectrochim.
Acta A1997 53, 1813.

(18) (a) Hunter, E. P; Lias, S. @hemistry WebBogINIST Standard
Reference Database http://webbook.nist.gov/chemistry/. (b) Deleuze, M. S.;
Trofimov, A. B.; Cederbaum, L. SJ. Chem. Phys2001, 115 5859. (c)
Deleuze, M. SJ. Chem. Phys2002 116, 7012. (d) Deleuze, M. S.; Claes,
L.; Kryachko, E. S.; Framms, J.-P.J. Chem. Phys2003 119, 3106.

(19) (a) Burrow, P. D.; Michejda, J. A.; Jordan, K. D. Chem. Phys.
1987, 86, 9. (b) Schiedt, J.; Weinkauf, RChem. Phys. Lettl997, 266,

201. (c) Crocker, L.; Wang, T.; Kebarle, . Am. Chem. S0d.993 115,
7818. (d) Rienstra-Kiracofe, J. C.; Barden, C. J.; Brown, S. T.; Schaefer,
H. F.J. Phys. Chem. 2001, 105 524 and references cited therein.

(20) Suresh, C. H.; Gadre, S. R.Org. Chem1999 64, 2505.

(21) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J. R. v. EJ. Am. Chem. S0d.996 118 6317.

(22) However, we note that NICS values cannot be used as a single
criterion for aromaticity; see: Stanger, A. Org. Chem2006 71, 883
and references therein.

(23) Reddy, A. R.; Bendikov, MChem. Commur2006 1179.
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FIGURE 1. Optimized structures of benzen® (anthracened), pentaceneX), heptacene?), and nonacened) at the B3LYP/6-31G(d) level of
theory (bond angles in deg and bond lengths in A; heptacene and nonacene are calculated at UB3LYP/6-31G(d)).

implemented in Guassian 03. Frequency calculations were per-
formed at the same level for all stationary points to differentiate
them as minima or saddle points. Intrinsic Reaction Coordinate
(IRC)? calculations were performed for several representative cases.
Charge distribution was estimated by using Mulliken population
analysis at B3LYP/6-31G(d). In some cases charges from natural
population analysis (NPA chargé&jvere also calculated at B3LYP/

results reported in this paper are at the B3LYP/6-31GH#RVE 6-31G(d) and compared to the Mulliken charges. |
level of theory unless stated otherwise. For discussion of the ~NO attempts have been made to locate all possible complexes
benchmark results at different theoretical levels see the SupportingPetween HCl or water and acenes. Basis set superposition errors
Information. We note that in contrast to many ab initio methods (BSSE) were estimated by using the counterpoise corrections
(such as MP2, CISD, CCSD, etc.) the B3LYP level always yields method for HCI and water complexes with aceffeShe addition
real frequencies for benzene regardless of the basis setfused. of HCI or water has been studied only with respect to the central
Transition structures were located by using the TS routine as acene ring, since it is known to be the most reactivé:!® The
wave function of the ground state of molecu@s9 includes a

(24) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.: Scuseria, G. E.. Robb, cpntr?bution from the singlet biradical state due to the_disjoint
M. A.; Cheeseman, J. R.: Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. biradical nature of the ground stdfeThus, we have considered
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; the reactions of moleculés-9 at UB3LYP/6-31G(d) unless stated
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; otherwise.
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; .
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, Throughout the paper, on the central benzene ringeers to
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.; the carbon that adds Cl or O (from HCI or water, respectively),
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; and G; refers to the carbon that adds hydrogen. In the case of the
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.  4qdition of water, the hydrogen that is added to the acene skeleton
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, . . .
A. D.. Strain, M. C.. Farkas, O.. Malick. D. K.. Rabuck, A. D.. IS marked H, and _the hydrog_gn that remains bo_nded to oxygen is
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; marked H. We will call addition “nucleophilic” in cases where
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, acene acts as an electrophile and the second reactant acts as a
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A, nyicleophile, and we will call addition “electrophilic” in cases where

E?nghghYWNm%%kkaraWAfggﬁgglceozmbcef '\Sgp%"’ JP'@'\Q'LJ\QQ};]OBQSO”’ acene acts as a nucleophile and the second reactant acts as an

Revision C.02; Gaussian, Inc.: Wallingford, CT, 2004. electrophile.
(25) (a) Parr, R. G.; Yang, WDensity-functional theory of atoms and
molecules Oxford University Press: New York, 1989. (b) Koch, W.;

n+m=0-8

Holthausen M. CA Chemist’s guide to density functional thepwiley- (28) (a) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154.
VCH: New York, 2000. (b) Gonzalez C.; Schlegel, H..B. Chem. Physl99Q 94, 5523.

(26) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b) (29) (a) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J.
Becke, A. D.J. Chem. Phys1993 98, 5648. E.; Weinhold, F. NBO 3.1. (b) Glendening, E. D.; Weinhold, FCAdmput.

(27) Moran, D.; Simmonett, A. C.; Leach, F. E., Ill; Allen, W. D.; Chem.1998 19, 593.
Schleyer, P. v. R.; Schaefer, H. F., Il Am. Chem. So@006 128 9342. (30) Boys, S. F.; Bernardi, Mol. Phys.197Q 19, 553.
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SCHEME 2
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|OOO ||59.9°|."(J 9
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X X ! A 12007520 1L
20000 &850
X X 9
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19;46,2"
SCHEME 3: 1,2 and 1,4-Addition of HCI or Water to 273 A2.111
Benzene A
X 85607 (J 130.9°
)—)?'ﬂe!_/”l_lﬂ
o
14 S @ a9
ok
12 1-HCI-1,2-TS 1-HCI-1,4-prod
X=0H,Cl X FIGURE 2. Optimized structures for the reaction of benzene with
HCI: the benzeneHCI complex, the 1,4- and 1,2-addition transition
TABLE 1. Calculated Activation (AEa) and Product (AE) states, and the 1,4-addition product at the B3LYP/6-31G(d) level of
Energies (in kcal/mol, at B3LYP/6-31G(d}+ZPVE) for the Addition theory (bond angles in deg and bond lengths in A)
of HCI or Water to Ethylene and to the 1,4- and 1,2-Positions of
Benzene TABLE 2: The Complexation (AE) and Gibbs Free AG®)
o Energies (Relative to HCI or Water and Acene) of Complexes of
transition stateA&,) product AE) Acenes with HCI or Water (kcal/mol, at B3LYP/6-31G(d)+ZPVE,
HCI water HCI water the BSSE Corrected Energies Are Shown in Parentheses)
H,C=CH;, 33.7 48.1 —21.3 —18.7 HCI water
benzene (1,4) 435 71.1 20.8 24.5 S S
benzene (1,2) 41.9 63.9 20.2 23.3 acene AE AG AE AG
1 —2.1(-1.5) 2.4 —2.0 (-0.5) 3.2
2 —2.0(=1.4) 45 —1.9 (-0.6) 3.7
Results and Discussions 3 —17(-11) 5.0 —-17(-0.3) 4.0
4 -1.7 (-1.1) 3.9 —1.6 (—-0.2) 3.6
I. Addition of HCI or Water to Benzene. Benzene can react 5 —17(1.1) 43 —15(-0.1) 41

with HCI or water via a 1,2- or 1,4-addition mechanism (Scheme

3). Since addition of HCI or water to acenes occurs at the 1,4- addition), while the difference in the reactivity of ethylene
position of the central ring, we will mostly discuss 1,4-addition toward HCI compared to water is smaller (48:133.7= 14.4

of HCI or water to benzene, although 1,2-addition is both kcal/mol). We believe that the reason for this difference is that
kinetically and thermodynamically preferable over 1,4-addition, the electrophilic addition to benzene is known as a common
due to the presence of the conjugated double bonds inreaction (and HCI acts as an electrophile) while nucleophilic
1,2-additi0n prOdUCtS. The reaction mechanism for addition of addition to benzene is an uncommon reaction for benzene (and

HCI or water to benzene proceeds via formation of a benzene \ater acts as a nucleophile); i.e., benzene is a better nucleophile
HCI or benzene water complex followed by a transition state  than electrophile.

that leads to the addition product. Complexes between HCl or 1. Addition of HCI to Benzene.The 1,4-addition of HCI to
water and benzene have been studied extensively prev#usly penzene poses an energy barrier of 43.5 kcal/mol (Table 1)
and will be discussed here only briefly. (activation free energy is 51.5 kcal/mol, see Table 4). The 1,2-

We have compared the addition of HCI or water to benzene addition of HCI to benzene has a slightly lower activation energy
with their respective additions to ethylene (Table 1). Activation of 41.9 kcal/mol. The calculated structures of the benzene HCI
barriers for addition of both HCI and water to ethylene (33.7 complex (-HCl-comp), of both the 1,4- and 1,2-addition
and 48.1 kcal/mol, respectively) are significantly lower than transition statesl¢HCI-1,4-TSand1-HCI-1,2-TS), and of the
those for addition to benzene (at both the 1,2 and 1,4 positions).1,4-addition productl-HCI-1,4-prod) are shown in Figure 2.
We note that the difference in the reactivity of benzene toward In the first step of the addition reaction, HCI forms a weak
HCI compared to water is significant (71-143.5= 27.6 kcal/ complex,1-HCl-comp, with benzené? The relative energy of
mol for 1,4-addition and 63.9- 41.9= 22.0 kcal/mol for 1,2- the complex (Table 2) is negative-2.1 kcal/mol;—1.5 kcal/

mol after BSSE correction), while the free energy of the complex

(31) (a) Gutowsky, H. S.; Emilsson, T.; Arunan,E Chem. Phys1993
99, 4883. (b) Suzuki, S.; Green, P. G.; Bumgamer, R. E.; Dasgupta, S.;  (32) When aromatic hydrocarbons are treated with HCI alane,
Goddard, W. A, lIl; Blake, G. ASciencel992 257, 942. (c) Kim, K. S; complexes are formed. The use of HCI plus a Lewis acid (e.g. sA§Bles
Lee, J. Y,; Choi, H. S.; Kim, J.; Jang, J. Bhem. Phys. Lettl997 265 arenium ions. The two types of solution have very different properties. For
497. (d) Read, W. G.; Campbell, E. J.; Henderson, G.; Flygare, W. H.  example, a solution of an arenium ion is colored and conducts electricity,
Am. Chem. Socl981, 103 7670. (e) Tarakeshwar, P.; Lee, S. J.; Lee, J. while ar complex formed from HCl and benzene is colorless and does not

Y.; Kim, K. S. J. Chem. Phys1998 108 7217. (f) Feller, D.J. Phys. conduct a current. Furthermore, when DCl is used to forncamplex, no
Chem. A1999 103 7558. (g) Raimondi, M.; Calderoni, G.; Famulari, A.;  deuterium exchange takes place, while formation of an arenium ion with
Raimondi, L.; Cozzi, FJ. Phys. Chem. 2003 107, 772. DCI and AICk gives deuterium exchange. See p 679 in ref 3.
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FIGURE 3. Optimized structures for the reaction of benzene with
water:

the 1,4-addition complex, both the 1,2- and 1,4-addition
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(the activation free energy is 79.8 kcal/mol, Table 5) for 1,4-
addition and 63.9 kcal/mol for 1,2-addition (Table 1) as
expected for nucleophilic addition to benzene.

In the first step of the addition reaction, water forms a weak
complex,1-H,0-1,4-comp with benzene. The relative energy
(Table 2) of1-H,0-1,4-compis negative 2.0 kcal/mol;—0.5
kcal/mol after BSSE correction) and the free energy of the
complex (3.2 kcal/mol) is positive. The € bonds are
elongated by only<0.002 A, relative to the isolated benzene,
and the distortion of the €C—C angles from 120is negligible
(=0.02). The complex ha€, symmetry. The transition states,
1-H,0-1,4-TSand1-H,0-1,2-TS for the addition of water to
benzene have both electrophilic and nucleophilic contributions
(Figure 3), and lead to the formation of the corresponding
products. In1-H,0-1,4-TS carbon atoms Cand G are
pyramidalized (the sum of the angles around@d G is 351.F
and 351.2, respectively), the €-O bond length is relatively
long (1.840 A) compared to that @£H,0-1,4-prod (1.442 A),
and the G—C; bond is also significantly elongated (1.456 A in
1-H,0-1,4-T9 relative to that of benzene (1.396 A). The-€

transition states, and the 1,4-addition product at the B3LYP/6-31G(d) Cz bond in1-H,0-1,4-prodis 1.509 A. Bond lengths and bond

level of theory (bond angles in deg and bond lengths in A).

is positive (2.4 kcal/mol). The €C bonds are elongated by
<0.003 A (up to a length of 1.399 A), relative to the isolated
benzene, and the distortion of the-C—C angles from 120is
negligible (0.03). The complex ha€s symmetry. From the
complex, addition of HCI proceeds to produttHCI-1,4-prod
(shown) or 1-HCI-1,2-prod (not shown), via one of the
electrophilic transition state§;HCI-1,4-TS or 1-HCI-1,2-TS,
respectively, in which chlorine attacks the carbon atom o

benzene. In the transition state, benzene is bent (the sums oﬁ

the angles around;@Gnd G are 358.7 and 349.7, respectively,
in 1-HCI-1,4-TS). The G—CI bond distance in the TS is
relatively long (2.742 A inl-HCI-1,4-TS, relative to 1.890 A
in 1-HCI-1,4-prod). For 1,4-addition, the TS h&% symmetry.

angles inl-H,O-1,2-TSare similar to those in-H,0-1,4-TS
(Figure 3). Thus,1-H,0-1,4-TS and 1-H,0-1,2-TS can be
characterized as being “late” transition states along the reaction
coordinate.

Thus, the transition state for addition of water to benzene is
“later” than the transition state for addition of HCI to benzene,
and the activation energy for addition of water is significantly
higher than that for the addition of HCI, although the activation

§ energy for the latter is high in the gas phase. Inclusion of solvent

ffects lowers the activation barriefsWe also note that Cl is
etter able to stabilize negative charge than OH, thus HCI acts
as an electrophile, while water acts as a nucleophile in reactions
with acenes.

Il. Addition of HCI or Water to Acenes. We expect the

The negative eigenvector of those transition states includesaddition of HCI or water to higher acenes to proceed by a

mostly proton transfer from HCI to the benzene carbon atom, Mechanism like that for benzene, i.e., via a single transition
which indicates that the transition states are electrophilic. ~ State that leads to the corresponding product. The acenes studied

2. Addition of Water to Benzene.Although benzene does

are benzenelj, naphthalene?), anthracene3), tetracene4),

not react with water in the absence of a catalyst under reasonabldentacenes), hexacene®), heptacene?), octacene &), and

experimental condition® we have studied this reaction theo-

nonaceney). Figure 1 shows the representative B3LYP/6-31G-

retically to compare longer acenes with benzene. The calculated(d) optimized geometries of acenes.

structures of the 1,4-addition benzeneater complex1-H,O-

1,4-comp, both the 1,4- and 1,2-addition transition statés (
H,0-1,4-TSand1-H,0-1,2-TS), and the 1,4-addition product
(1-H20-1,4-prod) are shown in Figure 3. Addition of water to

1. Complex Formation. We found several weakly bound
complexes between HCI or water and aceifekhe calculated
geometries of some HCI and water complexes with acenes are
presented in Figures 4 and 5, respectively. The complexes of

benzene poses a very high activation barrier of 71.1 kcal/mol HCI with 2, 3, 4, and5 are 2.0, 1.7, 1.7, and 1.7 kcal/mol more

2-HCl-comp

FIGURE 4. Representative optimized structures of complexes of HCI with naphthalene and pentacene at the B3LYP/6-31G(d) level of theory

(bond lengths in A).

5-HCl-comp
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2-H;0-comp

FIGURE 5. Representative optimized structure of complexes of water with naphthalene and pentacene at the B3LYP/6-31G(d) level of theory
(bond angles in deg and bond lengths in A).

TABLE 3: Mulliken Charges for the Transition States (TS) for HCI and Water Additions to Acenes at B3LYP/6-31G(d}
Mulliken charges (e)

HCl H.0
acenet

HCI/H,0 H cl HL o H2 OH?
1-1,4-TS 0.26 [0.34] ~0.53[-0.57] 0.35[0.43] —0.69 [-0.81] 0.38[0.47] ~0.30 [-0.34]
2-TS 0.25 —0.54 0.36 —0.69 0.39 —0.30

3-TS 0.25 —0.57 0.37 —0.68 0.40 -0.28

4-TS 0.24 —0.58 0.37 —0.68 0.40 -0.28

5-TS 0.24 —0.60 0.37 —0.68 0.41 -0.27

6-TS 0.24 (0.24) —0.58 (~0.60) 0.38 —0.67 0.41 —0.26

7-TS 0.24 (0.23) —0.57 (-0.60) 0.38 —0.67 0.41 ~0.26

8-TS 0.24 (0.23) —0.55 (-0.61) 0.38 —0.67 0.41 ~0.25

9-TS 0.24 (0.23) —0.55 (-0.61) 0.38 —0.66 0.41 -0.25

aCharges from natural population analysis (NPAre shown in square brackets. (BHCI-TS, 7-HCI-TS, 8-HCI-TS, and9-HCI-TS, the values are
at UB3LYP/6-31G(d), and the RB3LYP/6-31G(d) values are given in parentheses.) In the HCI isolated molecule, the charges on hydrogen and on chlorine
are 0.28 and —0.23, respectively. In the isolated water molecule, the charges on H and O aeah@9-0.77, respectively.

stable than the reactants (Table 2). The stability of these very slightly decreases across the transition states from benzene
complexes decreases to 4.4 kcal/mol after inclusion of basis  (0.26e) to tetracene (0.28, and then remains constant at this
set superposition errors (BSSE). This is similar to findings for value for longer acenes. The absolute value of the charge on
the HCI complex with benzenel{HCIl-comp), which is 2.1 chlorine (actual charges:0.53 to—0.6() in these transition
kcal/mol more stable than the reactants (1.5 kcal/mol more stablestates is much larger than the absolute value of the charge on
than the reactants after inclusion of BSSE), Table 2. In the casechlorine in isolated HCI (actual charge:0.23). The absolute

of water complexes with acenes, the complexation energies aftervalues slightly increase from benzene (actual charg@:53)
inclusion of BSSE are very small (Table 2). TAé4,0-comp to pentacene (actual charge:0.6(e), before decreasing from
and5-H,O-comp are more stable than the reactants by 1.9 and pentacene to nonacene (actual chargd.55%). The charges

1.5 kcal/mol, respectively (0.6 and 0.1 kcal/mol, respectively, on the H and Cl atoms that originated from HCI and that are
after inclusion of BSSE), which is similar tbH,0-1,4-comp transferred to the products (for example, @@ H and—0.13
which is by 2.0 kcal/mol more stable than the reactants (Table on Cl in 1-HCI-1,4-prod, and 0.2@ on H and—0.12 on Cl in

2 and Figure 5). Thus, all wateacene complexes can be 9-HCl-prod) are much smaller than the charges on these atoms
described as very weak. The free energies of all complexes arein the isolated HCI molecule or in the transition states, which
positive. The G---H distances are 2.452, 2.504, 2.379, 2.366, indicates that the transition states are relatively polar. Thus,

and 2.341 A for1-HCl-comp, 2-HCl-comp, 3-HCl-comp, overall, the charge on the H and CI atoms that originates from

4-HCl-comp, and 5-HCl-comp, respectively. The g--H! HCIl increases from the reactants to the transition states, before

distances are 2.822, 2.793, and 2.802 A%dd,0-1,4-comp decreasing in the products.

2-H20-comp, and 3-Hz;O-comp, respectively. Overall, we A different charge distribution behavior is observed for the

expect that these complexes will not play an important role in transition states for the addition of water to acenes (Table 3).

HCI or water addition to acenes. The polarity of all the transition states for water addition is very
2. Charge Distribution in the Transition States for similar and is similar to the charge distribution observed in the

Addition of HCI or Water to Acenes. The Mulliken charges isolated water molecule (0.8®n hydrogen;—0.77 on oxygen).

for the transition states for addition of HCI or water to acenes The charges on the Hand OH group in the products (for
are summarized in Table 3. In the transition states for HCI example, 0.16on H' and—0.24e on OH in 1-H,0-1,4-prod,
addition to acenes, the charge on hydrogen is similar to the and 0.12 on H! and—0.232 on OH in 9-H,0O-prod) are much
charge on hydrogen in the isolated HCI molecule (6)2& smaller than the charges on thé &hd OH part of the isolated
water molecule and in the transition states. Thus, also in the

(33) Calculated results for addition of HCI and water to acenes in different case of water addition, the transition states are relatively polar.
solvents with use of PCM model are given in the Supporting Information. . . S
(34) These complexes do not necessarily comprise all possible complexes  G€nerally, the differences in charge distribution between HCI

between HCI or water and acenes. and water additions can be explained by the different nature of
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TABLE 4: Calculated Activation Energies (AE,), Activation Free
Energies (AG"), Product Energies AE), and Product Free Energies
(AG®) (kcal/mol, at B3LYP/6-31G(dHZPVE, Relative to HCI and
Acene, Free Energies are Calculated at 298 K) for the Addition of
HCI to Acenes

transition state product
acene AEa AG™ AE AG®
1-1,4 435 51.5 20.8 28.4
2 36.2 45.7 13.4 22.4
3 26.2 35.6 1.0 10.3
4 22.3 30.8 —4.2 4.3
5 18.0 26.9 —10.2 -1.2
6 16.5(15.8) 25.5(24.2) —12.1(-12.9) —2.7(-4.3)
7 16.0 (13.5) 24.1(21.9) —129(15.7) —4.3(-7.1)
8 16.8(12.2) 25.7(21.4) —-11.9(17.1) -25(-7.8)
9 17.8(10.9) 26.6(19.2) —10.7 (-18.5) —1.3(~10.0)

aReactions involvingg—9 were calculated at UB3LYP/6-31G(d) (the
RB3LYP/6-31G(d) values are given in parentheses).

these reactions. Addition of HCI is electrophilic, and indeed,
in transition states, a significant amount of charge (ca.©.30
0.3%) is transferred from acene to HCI moiety; addition of water
is nucleophilic, and in the transition state, charge (cae)dsl
transferred from water to acene.

3. Activation Energies for the Addition of HCI to Acenes33

The calculated relative energies for the addition of HCI to acenes

1-9 are given in Table 4. The restricted (R) wave function for
the transition states &-HCI-TS-R through t09-HCI-TS-R
shows RHF— UHF instability, thus those structures were
reoptimized by using an unrestricted (U) DFT at UB3LYP/6-
31G(d). Reactions of HCI with benzen#),( naphthalene?),

and anthracene3) are endothermic while the reactions with
higher acenes are exothermic. It is well recogniZeitiat the
reactivity of acenes increases with the number of benzene ring

and stability of the addition products also increases with the

number of benzene rings. The Clar aromatic sextet valence bon
model?is usually used to explain this phenomenon. With lower
members of the acene series, the activation barriers for additio
of HCI are relatively high (for example, 36.2 kcal/mol for

naphthalene) and the reaction is not expected to proceed at roo

temperature. As the number of benzene rings increases, thedt
activation energy decreases from benzene (43.5 kcal/mol) to
hexacene (16.5 kcal/mol), and then remains almost constant from
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FIGURE 6. Activation energies for the addition of HCI to acenes,
plotted as a function of annellation: (black square) at RB3LYP/6-31G-
(d) and (red circle) at UB3LYP/6-31G(d).

of the reactants (acenes) at the UB3LYP level compared to the
RB3LYP level. For a detailed discussion of electronic structure
of acene$—9 see ref 16.

Representative transition state structures for the addition of
HCI to acenes are shown in Figure 7. All geometries entail four-
centered structures involving the, @nd G of benzene, and
the chlorine and hydrogen atoms of the HCI molecule. These
four atoms are nearly in the same plane (the largesCH-
Cy—Cp dihedral angle is 1:2for 2-HCI-TS, while acenes with
an odd number of benzene rings presenf ai@edral angle).

In the TSs (shown in Figure 7)4€+H bond formation is nearly
scomplete while the @--Cl bond is not yet formed 3" The
Co—Cl bond length increases significantly frodxHCI-TS
2.742 A) t09-HCI-TS (4.184 A), while the H-Cl bond length
decreases from-HCI-TS (2.098 A) to9-HCI-TS (2.055 A).
nThus, the transition state for HCI addition to acenes is relatively
“late” on the reaction coordinate, while as the number of
nPenzene rings increases along the acenes series, the transition
ate moves slightly “earlier” on the reaction coordinate. The
Cs+-H bond length decreases slightly (from 1.203 A feHCI-
TS to 1.145 A for 9-HCI-TS) along the acene series. The

hexacene to nonacene (17.8 kcal/mol), at UB3LYP/6-31G(d) direction of the eigenvector shows that IRHCI-TS, the
(Table 4, Figure 6§5 Thus, we can expect longer acenes to hydrogen of HCI moves the most, and the Cl atom is almost

react with HCI at room temperature in solution or in the gas
phase. We note that in the solid state (as crystals or in ordere
films, for example, in the pentacene film used in FETS) the

motionless. The contribution of the Cl atom to the motion
dincreases as the number of benzene rings increases, and for the
higher acenes, such as octacene and nonacene, the motion is

reactions may exhibit higher activation barriers because the Mostly of the Cl atom and much less of the hydrogen.

planar structure of acenes needs to bend to form the structure

4. Activation Energies for the Addition of Water to

of the HCHacene addition product. If the RB3LYP/6-31G(d) Acenes.The calculated relative energies at the B3LYP/6-31G-
values are considered, then as the number of benzene ring$d) evel for the addition of water to acenés9 are given in
increases, the activation energy decreases continuously from1able 5. The activation energies for addition of water to acenes

benzene (43.5 kcal/mol) to nonacene (10.9 kcal/mol, Table 4

are very large (Table 5). The activation barrier for the addition

Figure 6). The activation energies for the transition states for Of water to benzene is 71.1 kcal/mol, which decreases to-43.0

HCI addition to aceneS—9 calculated at UB3LYP are generally

higher than those at the RB3LYP level due to lower energies

(35) The spin contaminatior) of these TSs¥ of corresponding acenes
are given in paranthesé&jre 0.15 (0.26), 0.28 (0.80), 0.37 (1.08), and

(36) The G---H (Cy---Cl) distances in the transition states are the
following: 1.203 A (2.742 A) in1-HCI-1,4-TS, 1.201 A (2.872 A) in
2-HCI-TS, 1.193 A (3.110 A) in3-HCI-TS, 1.189 A (3.256 A) ir4-HCI-

TS, 1.184 A (3.463 A) in5-HCI-TS, 1.166 A (3.689 A) in6-HCI-TS,
1.155 A (3.932 A) in7-HCI-TS, 1.150 A (4.055 A) in8-HCI-TS, and

0.43 (1.26) respectively for hexacene, heptacene, octacene, and nonacend..145 A (4.184 A) i-HCI-TS. The data for reactions which involve acenes

Thus, theS? values for transition states are smaller than those for the
corresponding acené$,which is due to the partial deformation from

6—9 are at UB3LYP/6-31G(d).
(37) Gge+-H (Cy++Cl) distances at RB3LYP/6-31G(d) are the follow-

planarity in acene backbone that occurs in the transition state, which ing: 1.182 A (3.613 A) in6-HCI-TS-R, 1.180 A (3.815 A) in7-HCI-TS-
destabilizes the disjoint biradical structure and generates a preference forR, 1.178 A (3.974 A) in8-HCI-TS-R, and 1.175 A (4.168 A) i®-HCI-

the closed shell state.

TS-R.
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5-HCI-TS 9-HCI-TS

FIGURE 7. Representative optimized transition state structures for the addition of HCI to acenes at the B3LYP/6-31G(d) level of theory (bond
angles in deg and bond lengths in A).

TABLE 5: Calculated Activation Energies (AE3), Activation Free 75 -
Energies (AG*), Product Energies (AE), and Product Free Energies E
(AG®) (kcal/mol, at B3LYP/6-3/G(d)+ZPVE, Relative to Water and 70
Acene, Free Energies are calculated at 298 K) for the Addition of E ® RB3LYP/6-31G(d)
Water to Acene$ 65 ® UBBLYP/6-31G(d)
transition state product 60-
acene AE, AG™ AE AG° % ]
1-14 711 79.8 245 32.3 E 559
2 63.2 73.5 13.6 22.9 ﬁ
3 53.2 63.4 0.9 10.6 £ 504
4 49.2 58.6 —-2.5 6.4 w 1
5 44.7 54.6 ~10.5 ~1.1 454
6 43.4(42.6) 53.6(52.0) —10.7 (-11.4) —0.9(-2.5) T
7 43.0(40.2) 52.4(49.6) —11.6(14.3) —2.7(-5.5) 40
8 44.3(39.0) 54.4(49.2) —105(-157) —0.8(-6.0) 1
9 455(37.7) 55.8(47.1) -9.3(-17.2)  0.5¢8.3) 35
aReactions Involving6—9 were calculated at UB3LYP/6-31G(d) 0o 1 2 3 4 5 6 7 8 9 10

(RB3LYP/6-31G(d) values are given in parentheses).

45.5 kcal/mol for longer acenes from pentacene to nonacene.FIGURE 8. Activation energies for the addition of water to acenes,
For all transition states studied, the wave function for the plotted as a function of annellation: (black square) at RB3LYP/6-31G-
addition of water to acenes is stable, in contrast to the wave (d) and (red circle) at UB3LYP/6-31G(d).
function for transition states for the addition of HCI to longer
acenes. Similarly to what occurs upon addition of HCI to acenes, These four atoms are nearly in the same plane (the lardest H
the activation energy decreases as the number of benzene ring®—C.—Cp dihedral angle is 0% for 2-H,O-TS). The TSs
in the chain increases, from benzene (71.1 kcal/mol) to hexaceneshown in Figure 9 indicate that the;€H and G,—OH bonds
(43.4 kcal/mol), before staying nearly constant between hexacenegform synchronously. In contrast to HCI addition, the negative
(43.4 kcal/mol) and nonacene (45.5 kcal/mol) (referring to the eigenvectors for the entire series of acenes studied show mostly
UB3LYP/6-31G(d) results, Table 5, Figure 8). If RB3LYP/6- that the H hydrogen (i.e., the hydrogen that reacts witf) C
31G(d) values are considered, then an increase in the numbetransfers from the oxygen to the acenes in the transition state,
of benzene rings is associated with a continuous reduction inand that the motion of oxygen is negligifeAnalysis of the
the activation energy from benzene to nonacene (37.7 kcal/mol, transition states indicates that those for the addition of water to
Table 5, Figure 8). Even in the case of longer acenes, theacenes are “late” on the reaction coordinate. In the TSs, the
activation barriers are still high and the reaction of acene with Cs+-H* bond distances change significantly along the acenes
water is not expected to occur at room temperature or upon series, increasing betwednH,0-1,4-TSand9-H,O-TS from
slight heating. Indeed, to the best of our knowledge, no 1.407to 1.666 A, while the &--OH distances remain practically
uncatalyzed reactions between even longer acenes and wateunchanged along the acenes series, ranging from 1.840 to 1.869
have been reported. We can conclude, based on the data in Tablé.®® Thus, similarly to the addition of HCI to acenes, increasing
5, that the reaction of pentacene with water is not expected to
reduce the performance of pentacene-based organic electronic (38) A similar transition state was reported for water addition to silene
devices. As with the addition of HCI to acenes, the reactions of and i_ts nucleophilieelectrophilip nature was discussed in_ detail in:
water with benzene, naphthalene, and anthracene are endotheg-f”géks%"' M.; Quadt, S. R.; Rabin, O.; Apeloig, ®rganometallic2002
mic, while the reactions of higher acenes are exothermic. (39) The respective £-+H (Cy-++OH) distances are the following: 1.407
Representative transition state structures for the addition of A (1.840 A) in 1-H;0-1,4-TS 1.433 A (1.864 A) in2-H,0-TS, 1.503 A
water to acenes are shown in Figure 9. All structures include a&l.869 A) in3-H,0-TS, 1.533 A (1.868 A) im-H,0-TS, 1.578 A (1.862
four-centered fragment involving theCCg of the central
benzene ring, and the oxygen and &f the water molecule.

) in 5-H,O-TS, 1.601 A (1.858 A) in6-H,O-TS, 1.628 A (1.855 A) in
7-H,O-TS, 1.648 A (1.847 A) in8-H,0O-TS, and 1.666 A (1.842 A) in
9-H20-TS.
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5-H,0-TS 9-H,0-TS

FIGURE 9.ARepresentative optimized TSs for the addition of water to acenes at the B3LYP/6-31G(d) level of theory (bond angles in deg and bond
lengths in A).
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FIGURE 10. (a) Activation energiesHy) and relative product energieAE) for the addition of HCI or water to acenes, plotted as a function of
annellation (at RB3LYP/6-31G(d) for= 1-5, at UB3LYP/6-31G(d) fon = 6—9). (b) Correlation between the calculated activation energies for

the addition of HCI or water to acenes as a function of annellation: (black) addition of HCI to acenes; (red) addition of water to acenes (at
RB3LYP/6-31G(d) fom = 1-5, at UB3LYP/6-31G(d) fon = 6—9). Righty-axis (which shows activation barriers for the addition of water) is
shifted by 27 kcal/mol relative to the leftaxis (which shows activation barriers for the addition of HCI).

the number of benzene rings moves the transition state for thekcal/mol higher than those for the addition of HCI (Figure 10b).

addition of water to acenes to an “earlier” point on the reaction HCI clearly acts as an electrophile in its addition to acenes,
coordinate. This correlates well with the exothermicity of the while the transition states for the addition of water to acenes
reaction, which increases as the number of benzene ringsshow mostly a nucleophilic character with some electrophilic
increases. For transition states, the wave function is stable forcontribution, as shown by the direction of the negative eigen-
the addition of water to long acenes due to the relatively “late” vector. Interestingly, the behavior of the activation energies as
character of those transition states compared to the transitiona function of the number of the benzene rings is practically the
states for the addition of HCI to acenes. This “lateness” leads same (Figure 10a) for the addition of HCI (which is clearly

to significantly greater bending of the acene skeleton in the electrophilic) and for the addition of water (which is mostly

transition state and to a decrease in the conjugation length innucleophilic). Thus, we believe that the dependence of the
the transition state (Figure 9). IB-H,O-TS, the sum of the activation energies (the shape of the curve in Figure 10b) on

angles around Lis 352.5 and that around gis 349.8, while the number of benzene rings in the acene will be similar for

for 5-HCI-TS, the sum of the angles around @ significantly other electrophiles and nucleophiles.

larger, at 359.8 while around G it is smaller, at 344.9 Thus, The activation energies for the addition of HCI and water

for HCI addition, the attack occurs mostly oy @hile in the decrease from benzene to hexacene. The current study shows

case of the addition of water, the attack occurs simultaneously that the activation barrier for the addition of HCI or water to

on G, and G. higher acenes (from hexacene to nonacene) at UB3LYP/6-31G-
5. Comparison of Addition of HCI versus Water to Acenes. (d) remains almost constant (Figure 10a), thus longer acenes

Figure 10a compares the reaction energies for the addition ofare as kinetically stable as hexacene. This is due to the ground
HCI to acenes with those for the addition of water. One of the state of the reactant (acenes) being stabilized by the contribution
interesting findings of this study is that the exothermicity of from the singlet biradical staf€.Such a contribution is absent

the HCI addition to acenes is very similar to the exothermicity in the transition states for the addition of water and is small in
of the water addition to acenes. Thus, according to the the transition states for the addition of HEIAt the RB3LYP/
Hammond postulate, one can expect that the transition states6-31G(d) level of theory, the kinetic stability of longer acenes
for both reactions will also have similar energies. However, the decreases along the acene series. A similar trend is also observed
activation energies for the addition of water are always ca. 27 for the exothermicity of these reactions (Figure 10a), which
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TABLE 6: Calculated Activation Energies (AE,), Activation Free Energies AG*), Product Energies AE), and Product Free Energies AG®)
(kcal/mol, Relative to HCI or Water and Acene, Free Energies are Calculated at 298 K) for the Addition of HCI or Water to Substituted Acenes

(at B3LYP/6-31G(d)+ZPVE)

addition of HCI

addition of water

transition state transition state product

substituted

acene AEa AG* AE AG® AEa AG* AE AG®
1-OMe 34.9 43.4 26.2 34.8 70.0 78.8 21.8 30.5
1-H 435 51.5 20.8 28.4 71.1 79.8 24.5 32.3
1-F 48.4 57.0 215 29.9 76.3 85.4 21.4 30.0
1-CN 50.8 60.4 22.9 32.0 61.3 71.6 19.0 28.2
3-OMe 23.0 324 4.3 13.2 56.3 66.2 7.6 16.9
3-H 26.2 35.6 1.0 10.3 53.2 63.4 0.9 10.6
3-F 28.1 36.7 2.6 11.0 54.2 63.6 3.9 12.8
3-CN 335 43.0 3.0 12.3 50.4 60.8 25 12.2
5-OMe 16.2 24.6 -8.0 0.5 46.9 56.2 -5.9 3.0
5-H 18.0 26.9 —10.2 -1.2 44.7 54.6 —10.5 -1.1
5-F 19.5 28.4 -9.3 -0.3 45.1 54.9 -8.2 1.2
5-CN 24.0 329 —8.3 0.7 43.4 53.3 —8.3 1.0

increases from benzene to hexacene, and thereafter remaing that found for the unsubstituted acene, while substitution with
practically constant from hexacene to nonacene (at UB3LYP/ electron-withdrawing groups (such as CN) raises the activation
6-31G(d)), since products do not receive a contribution from energy compared to that of the parent (unsubstituted) acene
the singlet biradical stat€. Thus, in contrast to previous (Table 6), as expected for an electrophilic process. In the case
expectations, and based on the significant increase in reactivityof water addition, electron-donating groups increase the activa-
(and decrease in stability) found from benzene to pentacene,tion energy for addition to naphthalene and pentacene (but not
we predict that longer acenes (starting from heptacene) will be to benzene), while electron-withdrawing groups lower it (Table
as stable (both kinetically and thermodynamically) as hexacene;6), which is consistent with the mostly nucleophilic character
however, the reactivity of the higher acenes toward electrophiles of water addition to acenes. The effect of substituents on the
will be very high, which will preclude their isolatioti. activation energy depends on the length of the acene, spanning
11l. Addition of HCI or Water to Substituted Acenes. a range of 15.9, 10.5, and 7.8 kcal/mol for HCI addition to the
Recently, several substituted tetracenes and pentacenes hav@Me, F, and CN substituted, 3, and 5, respectively, and
been synthesized and tested in applications related to field effectspanning a range of 16.3, 5.9, and 3.5 kcal/mol for water
transistors2 However, the relatively poor stability and solubility ~ addition to the OMe-, F-, and CN-substitutdd 3, and 5,
of acenes are major problems in their applications as organicrespectively. For the discussion of the geometries of the
semiconductors. Substituted acenes might be more environ-substituted acenes see the Supporting Information.
mentally stable and they are expected to be more soluble in Inthe case of substituted anthracenes and pentacenes, we have
organic solvents, which should allow investigation of their found good Hammett correlation between the calculated activa-
reactivity, and simplify their purification and processing. To tion energies and the, of the substituents (Figure 11). The
explore the influence of donor and acceptor substituents on thevalue$® for the addition of HCI to anthracenes and pentacenes
kinetic and thermodynamic stability of acenes, we studied the are —4.48 and—3.39, respectively, which clearly indicates an
model addition reactions of HCI and water to tetramethoxy-, electrophilic mechanism with significant positive charge de-
tetrafluoro-, and tetracyano-substituted benzdheapthracene  veloping on the acenes in the transition states. dalues for
(3), and pentacenes) (Scheme 2). the addition of water to anthracenes and pentacenes are 2.35
The calculated relative energies (at B3LYP/6-31G(d)) for the and 1.39, respectively, which suggests a nucleophilic mechanism
addition of HCI or water to the substituted acerle8, and5 with some negative charge developing on the acenes in the
are given in Table 6. For comparative purposes, the equiva|enttransition states. The substituent effect is larger in the case of
data for the unsubstituted acenes are also given. In the case oHCl than in the case of water. We note that in substituted
HCI addition, substitution of acenes with electron-donating Pentacenes, the substituents are placed far away from the

groups (such as OMe) lowers the activation barrier compared reaction center; however, calculatpdvalues are significant.
Thus, electronic effects are transmitted very efficiently through

(40) At the RB3LYP/6-31G(d) level of theory, the exothermicity of € acene backbone. For the addition of water to acenes, the
addition reactions continuously increases from benzene to nonacene (Table®rder of reactivity decreases in the order OMé& > H > CN,

4 and 5). ] o o _which reasonably correlates with tlag values for substituted
als(;‘t)rg/tgrf{ irse;gtt'igrr‘]séﬁ‘g:gaesr c;'g;?{g;‘t'on or reaction with oxygen, might anthracenes and pentacenes and with a nucleophilic addition
(42) (a) Anthony, J. E.; Brooks, J. S.; Eaton, D. L.; Parkin. SJ.Rm. mechanism (Table 6 and Figure 11). However, the activation
Chem. Soc2001, 123 9482. (b) Meng, H.; Bendikov, M.; Mitchell, G.; barriers for tetrafluoro-substituted acenes are slightly higher than

the activation barriers for the parent acenes, which is contrary

Helgeson, R.; Wudl, F.; Bao, Z.; Siegrist, T.; Kloc, C.; Chen, CAdw.
Mater. 2003 15, 1090. (c) Sheraw, C. D.; Jackson, T. N.; Eaton, D. L.;
Anthony, J. EAdv. Mater.2003 15, 2009. (d) Moon, H.; Zeis, R.; Borkent,
E.-J.; Besnard, C.; Lovinger, A. J.; Siegrist, T.; Kloc, C.; BaoJZAm. (43) p values were calculated at 28 by performing a linear regression
Chem. Soc2004 126, 15322. (e) Swartz, C. R.; Parkin, S. R.; Bullock, J.  on the data in Figure 11 for substituted anthracenes and pentacenes according
E.; Anthony, J. E.; Mayer, A. C.; Malliaras, G. @rg. Lett.2005 7, 3163. to eq 1: —AEJRT= op. An additive effect of 4 substituents was assumed

(f) Payne, M. M.; Parkin, S. R.; Anthony, J. E.; Kuo, C. C.; Jackson, T. N. (Y4 of the slope of the graphs in Figure 11 was used in egdyalues

J. Am. Chem. So005 127, 4986. (g) Jiang, J.; Kaafarani, B. R.; Neckers, were used for Figure 11 and eq 1 as the best avaitatstgues for molecules

D. C.J. Org. Chem200§ 71, 2155. (h) See ref 11. in Scheme 2.
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FIGURE 11. Relative activation energies for the addition of (a) HCI and (b) water to tetramethoxy-substituted (OMe), tetrafluoro-substituted (F),
tetracyano-substituted (CN), and unsubstituted (H) benzene, anthracene, and pentacene, plotted as a fgttion of

to what would be expected from thg value @, = 0.15 for for HCI additions), but the relative energies of the addition
F)3 and for a nucleophilic addition mechanism. We believe that products are almost the same in both instances. HCI adds to
this anomalous substituent effect of fluorine compared to acenes through a clearly electrophilic transition state, while water
methoxy and cyano substituents may be due to the fact thatadds to acenes mostly through a nucleophilic transition state
fluorine is ao electron acceptor and also a weakelectron with some electrophilic character. The relative energies of the
donor; however, in the case of anthracene and pentacene, thdSs for HCI and water addition show that the reactivity of the
fluorine is placed far away from the reaction center, and acenes increases as the number of fused benzene rings in the

electronic effects are very poorly transmitted throughonds, acene framework increases, up to hexacene. Interestingly, the
while they are much better transmitted throughbonds. reactivity of acenes from hexacene to nonacene remains almost
Methoxy and cyano substituents arereaelectron donor and  constant.

acceptor, respectively. We believe thavalues will be useful A systematic study of the reactivity of substituted acenes
for the design of environmentally stable acenes for electronic predicts that the substituent effect will be large for HCI addition
applications, and also for predicting acene reactivity. and smaller for water addition, and finds that the activation

Electron-withdrawing substituents, such as CN, stabilize energies correlate linearly with, For example, the reactivity
acenes, in general, and pentacene, in particular, toward electoward electrophiles of pentacene substituted with electron-
trophilic addition. For example, the activation energy barrier \ithdrawing groups decreases significantly, and lies between
for the addition of HCI to the tetracyano-substituted pentacene the reactivities of unsubstituted anthracene and tetracene

lies between those of unsubstituted anthracene and tetraceneproviding an insight into the synthesis of environmentally stable
Thus, electron-withdrawing substituents should increase the pentacenes as well as longer acenes.

environmental stability of pentacene-based organic electronic
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Conclusions Supporting Information Available: Reaction energies for the

A systematic theoretical study of the addition of HCl and f€actions of benzene and naphthalene with HCI and water at
water to acenes was carried out. The activation energy barrierdlfferent theoretical levels; calculated solvent effect for addition

o . . of acenes to HCI; figures and discussion of optimized geometries
for the addition of water is very high compared to that for HCl o, addition of HCI and water to substituted acenes; Mulliken and

add|t|0n (aCt|Vat|On bal’rIeI‘S fOI’ water add|t|0n are aIWa.yS hlghel‘ NPA Charges for benzerHCl and benzenewater Comp|exes;

by ca. 27 kcal/mol than the corresponding activation barriers and calculated absolute energies for all stationary points mentioned

in the paper as well as the coordinates of their optimized structures.
(44) Itis also known that pentacene substituted by electron-withdrawing This material is available free of charge via the Internet at

groups is an n-type organic semiconductor. Sakamoto, Y.; Suzuki, T.; http://pubs.acs.org.
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